PACS. 36.40Cg -Electronic and magnetic properties of clusters. PACS. 75.40Mg -Numerical simulation studies. PACS. 75.50−y -Studies of specific magnetic materials.
Magnetic properties of clusters of transition metal atoms (CTMAs) are the outcome of a delicate interplay among various factors such as the bond length, the coordination number, the filling of the d-band, the number of atoms in the cluster, N , and the symmetry of the cluster. Each of these factors is an independent variable (parameter) contributing to the total energy, E N , of the cluster. The determination of the ground state of the cluster involves finding the minimum of the total energy with respect to all these variables, making the theoretical study of the CTMAs a very difficult subject. The task is computationally formidable, even for intermediate size clusters, i.e. for 10 < N < 70. Thus ab initio results, which include a global symmetry-unconstrained geometry relaxation and an unrestricted total-spin value for the cluster, are very rare and are restricted to cluster sizes of N ≤ 7 [1] - [4] . For cluster sizes with N > 7 the common practice is one in which variation of only a limited number of the independent parameters of the system is allowed while performing a restricted (constrained) minimization of the total energy of the cluster to determine the ground state [4] - [13] . Even in the best of cases, calculational restrictions include either a symmetry-constrained geometry relaxation allowing only a variation in the bond length or some limited symmetry variation with fixed bond lengths. In some other cases additional restrictions are imposed by approximating the Hamiltonian of the system, the most popular of which involve suppression of the s-d interactions (within the tight-binding picture) [5] , [10] .
The constrained calculations have been qualitatively successful in explaining the experimental data referring to the observed geometries [14] , [15] of the CTMAs and the trends of the physical properties of the clusters like the average bond length, ionization energies and the binding energy per atom of the cluster when these properties are taken as functions of the cluster size. The constrained calculations have also shown that the average magnetic moment per atom in a small CTMA is higher than its corresponding bulk value. However, the constrained calculations have failed to give unique quantitative predictions on the magnetic states of the clusters or answer with certainty the important question of how the geometry ordering affects the magnetic one and vice versa. The reason for the disagreement among the theoretical predictions on the magnetic properties of the CTMAs is a direct consequence of the differing approximations that have been used and the fact that the outcome of these calculations is the delicate interplay of mutually competing factors. As an example, for Ni 4 and Ni 5 clusters, a significant decrease in the coordination number is found to increase the splitting between the spin-up and spin-down electrons, thereby enhancing the value of the magnetic moments [2] . On the other hand, a contraction in the Ni-Ni bond in Ni 4 may result in a reduction of the local magnetic moments due to an increase in the d-band width. A case in point is the result of Dunlap [8] who showed that for Fe 13 (fcc), an increase in the bond length from 4.4 to 4.81 a.u., in turn, results in an increase in the total magnetic moment from 32 to 44 Bohr magnetons. Furthermore, it has been shown [8] , [10] that the point group symmetry of the cluster strongly affects its magnetic state; the higher the symmetry of the cluster, the higher its spin value. It is also observed that a neglect of the s-d interactions may affect the geometric ordering of the cluster, affecting its magnetic ordering. It is a worthwhile task to verify whether the suppression of the s-d interactions is the main reason for the conflicting results that have been reported [8] , [6] , [11] , [16] and whether the inclusion of the magnetic effects would favor the fcc structure over the icosahedral one in Ni 13 . Under these circumstances, it is clear that the theoretical investigation of the magnetic properties of the CTMAs is still an open subject requiring extensive and detailed calculational efforts. Given the strong dependence of magnetic properties of the CTMAs on the bond lengths, it is reasonable to expect that the success of the calculations depends on their ability to satisfactorily reproduce experimental bond lengths of small clusters.
In the present letter, we make use of our recently proposed [17] semi-empirical calculational scheme incorporating s-d interactions that also permits minimization of the total energy of a CTMA by a simultaneous variation of all system coordinates, allowing for unrestricted variation of the bond lengths, symmetry unconstrained geometry relaxation and unrestricted total spin value. Our method achieves this by combining a Hubbard-U term in a moleculardynamics (MD) Hamiltonian within a tight-binding (TB) calculational scheme, introducing for the first time the MD method in the studies of magnetism. It should be noted that, although the Hubbard model has been used in the studies of CTMAs before [5] , [10] , this is its first application in combination with a MD approach. In our method, the Hubbard term incorporates the spin splitting, while the MD aspect of our approach eliminates most of the calculational constraints of earlier applications involving the optimization of cluster geometries. Furthermore, as at each MD step the spin state is obtained by counting occupied spin-up and spin-down electron states, we are able to perform either a spin-restricted calculation or a spin-unrestricted one, being able, in the latter case, to follow the changes in the total spin of the cluster as the geometry changes. Even though our method is semi-empirical in nature, as we have discussed in detail elsewhere [18] , it can be made to take a firm ab initio character depending on the efficiency and accuracy desired. In its present form our TB-MD approach makes use of the universal TB parameters of Harrison [19] which reproduce the band structures well and are taken to scale exponentially with respect to the interatomic distance [18] .
The additional parameters in the theory are obtained by carefully fitting either to ab initio results (if available) or to experimental data. Specifically, a knowledge of the bond length of the dimer (preferably the experimental value) and the ab initio binding energy results for the singlet and higher magnetic states of a few small clusters (preferably those of the trimer and tetramer) are sufficient for our purpose. The value of the experimental bond length of the dimer is used to fix the pair-repulsive potential term of the Hamiltonian. The knowledge of the binding energies of the singlet states of a few small clusters is used in the calibration of the correction term in the total energy, U bond , which is a function of the coordination number (number of bonds per atom) of the cluster, n b [20] . Finally, a knowledge of the binding energies of higher spin states of small clusters is used to estimate the exchange splitting by a simple fitting procedure [17] . The details of our approach can be found in ref. [17] and [18] where applications on non-magnetic Ni n clusters with n ≤ 55 and magnetic Ni n , n ≤ 7 and Fe m , m ≤ 5, clusters were reported.
In the present letter, using the parameters that we obtained [17] by fitting to the experimental bond length of the dimers and the ab initio binding energy results of small clusters [1] , [2] , we extend the application of our method to magnetic CTMAs of intermediate size. In particular, we present results for the magnetic moments of Ni n and Fe n clusters with number of atoms n ≤ 55. By comparing our results with existing experimental data we will demonstrate the applicability of our method in the studies of the magnetic properties of CTMAs having sizes that are well beyond the reach of ab initio theories.
Our results for the average magnetic moment per atom in Fe n and Ni n clusters with n ≤ 55 are presented in fig. 1 a) and b) , respectively. (In both cases the gyromagnetic ratio is taken to be equal to 2.0.) It should be noted that for small sizes (n ≤ 13) we were able to perform complete search of the configurational space to determine the absolute minimum geometry. For larger clusters, however, no such search is possible and we have limited our calculations to symmetry-unconstrained geometry relaxations starting from initial structures corresponding to the fcc, bcc, twinning and icosahedral geometries guided by our experience with non-magnetic CTMAs [18] .
It is apparent from fig. 1 a) and b) that our data indicate a strong dependence of the magnetic moment on the cluster size and/or the geometry for small clusters. A striking case is hollow Fe 8 (simple cubic structure) which exhibits an excessively high magnetic moment. Stable hollow structures were also found for Fe 9 , Fe 10 and Fe 12 , in agreement with Christensen and Cohen [9] , but no strict hollow geometries were found stable for Fe 11 and Ni 12 [16] . We find that hollow starting geometries for Fe 11 , Ni 12 (icos), Ni 14 (bcc) and Fe 14 (bcc) evolve into stable geometries with central atoms on MD relaxation. On the other hand, the observed differences between our findings and those of Reuse and Khanna [4] can be attributed to the smaller bond lengths used by these authors. A new aspect of our finding is that inclusion of magnetic effects stabilizes some cluster geometries that were found to be completely unstable in the non-magnetic case. In particular, we have found that in the absence of magnetic effects, Ni 12 (with hollow icosahedral structure) is completely unstable; it becomes very stable [16] , however (although not as a hollow structure) if magnetic effects are turned on. Furthermore, we have observed that in the case of Ni, stable non-magnetic cluster configurations do not undergo appreciable shape changes when magnetic effects are included. However, Ni 13 and, to a lesser extent, Ni 5 appear to be noticeable exceptions to this tendency. The distorted tetrahedral exp. ref. [22] Pastor et al [5] Reuse and Khana [4] present work [21] , [22] are re-expressed using a gyromagnetic ratio of 2.0.
singlet state of Ni 5 is found to evolve into a trigonal bipyramid which is almost isoenergetic with the square pyramid. On the other hand, Ni 13 does not stabilize in the distorted icosahedral structure that was found to be the singlet ground state [18] . Instead, when magnetic effects are included, it relaxes to a distorted capped fcc structure [16] . The distorted icosahedral structure proposed by Khanna et al. [11] is found to be unstable. Although our universal TB parameters are based on the bulk fcc Ni, the lack of stability found in the case of icosahedral Ni 13 does not seem to imply any bias towards fcc structures since icosahedral structures were found to be more stable for clusters of larger sizes [18] . On the other hand, it should be noted that the work of Pastor et al. [5] , which neglects s-d interactions, predicts the fcc geometry of the magnetic state to be more stable than the icosahedral structure found for the singlet state. All these results clearly point to the delicate interplay between various factors that affect the coupling between geometric and magnetic order. Another general characteristic of our findings is that in both Ni n and Fe n clusters with n ≤ 55 , the average magnetic moment does not reach the bulk value (0.6 and 2.2 Bohr magnetons, respectively). This result is in good agreement with the experimental findings [21] , [22] for Fe and Ni clusters and gives substantial support to the reliability of our method. From fig. 1 a) and b) it is seen that our results, especially in the case of Fe, are in much better agreement with the experiment than those of Pastor et al. [5] . Incidentally, the results of Pastor et al. [5] which correspond to relaxed cluster geometries (i.e. for small clusters) are in good agreement with ours for Fe, and to a lesser degree for Ni, supporting the observation of Pastor et al. [5] that s-d interactions are not crucial in the case of Fe. However, their results for Ni as well as those dealing with unrelaxed cluster geometries exhibit pronounced discrepancies when compared with our results and the experiment, indicating the importance of performing symmetry-unconstrained calculations in addition to including s-d interactions in a realistic treatment of magnetic systems.
In view of the small deviations of our results from the experiment [21] , [22] and for Fe in particular, we performed a series of tests to check the range of applicability of the basic parameters of the system, and also the temperature effects, which have been ignored in our calculations. We find that a small expansion of the cluster does not affect the results obtained for Fe 27 and Fe 55 . Furthermore, our spin-restricted calculations for Fe 27 and Fe 55 resulted in stable higher spin states with energies differing only slightly from the ground state, but with this difference lying within the range of the thermal energy k B T at the experimental temperature of T = 120 K. However, the available ab initio total energy results for Fe clusters are limited to only small clusters [1] with average number of bonds per atom much smaller than that for larger clusters. As a result we cannot avoid large uncertainties in the determination of the term U bond [20] for Fe. In fig. 1 a) we present our results for Fe by setting U bond = 0. These results correspond to a lower limit of the magnetic moment at T = 120 K, as an approximate estimation of the term U bond , based on a linear interpolation/extrapolation of the existing ab initio data, brings the energies of the higher spin states within the range of the thermal energy of the clusters. On the other hand, our results are more successful in the case of Ni for which necessary data for a more accurate estimation [18] of U bond exist. The results for Ni shown in fig. 1 b) were obtained by including the U bond term in the calculations. These observations imply that for an accurate determination of U bond , ab initio results for the binding energy of 1 or 2 larger clusters may be required for specific applications as the present case of Fe. The discrepancy observed at Ni 55 may be attributed to the fact that the high-spin states of Ni 55 are almost isoenergetic. In particular, we have found that the states of Ni 55 with average magnetic moment 1.02 and 0.87 Bohr magnetons per atom, respectively, differ in energy by less than 1 meV/atom. (These two values are shown in fig. 1 a) .) Finally, it is worthwhile to verify if the entropy terms and the spin-orbit interactions, both of which have been ignored in the present results, modify the present results. Such considerations need further examination and more analysis is required. Nevertheless, the good agreement we obtain with both theory [3] , [5] , [8] , [9] and experiment [21] , [22] supports our claim that the proposed TB-MD calculational scheme [17] , [18] , [23] can provide an efficient tool in the studies of magnetic systems both qualitatively and quantitatively. ***
